Transcription is a highly regulated cellular process in which dysfunction leads to disease. One level of regulation is chromatin structure which protects promoters from transcription factor binding. To circumvent this blockade, histone chaperones aid in displacement of nucleosomes. In particular, the histone chaperone complex HUCA, consisting of Hira, Ubn1, Cabin1, and ASF1a, replaces histone variant H3.1 with H3.3 in front of actively transcribing RNA Polymerase II (RNAPII). The 26S proteasome is a major degrader of proteins within the cell and plays both proteolytic and nonproteolytic roles in transcriptional regulation. One major role is the degradation of irreversibly arrested RNAPII. Several interactions between HUCA, the 26S proteasome, and RNAPII have been characterized individually; we now present observations from our lab and others which directly associate elongating RNAPII with the degradation machinery through observations of involvement with the HUCA complex. Our short report presents these ideas and discusses their importance in transcriptional regulation as well as implications in disease manifestation.
Introduction
Cellular function is highly dependent on regulated gene expression which is controlled by the coordinated efforts of thousands of proteins including transcription factors, cofactors, and chromatin regulators. The coordinated efforts and interactions of these proteins control cell fate and cellular responses to physiological or environmental changes. One level at which protein interaction, and thus gene expression, is ordered is control of transcription factor accessibility to DNA by chromatin (Reviewed in [1] ).
Despite over half a century of research in transcriptional regulation, the intricate details of the system have not been fully elucidated. Our proposed model addresses the regulatory interactions between RNA Polymerase II, the histone chaperone complex HUCA, and the 26S Proteasome. We hypothesize that the histone chaperone HUCA tethers the 26S proteasome to elongating RNAPII to facilitate rapid degradation in the case of irreversibly arrested RNAPII. A schematic of the proposed mechanism is provided in Figure 1 . Disassembly of RNAPII elongation complexes has previously been linked to the ATPase Cdc48 with proposed roles for ubiquitination in dissociating Rpb1 from the complex [2] . The 26S proteasome binds transcribing genes at locations enriched with RNAPII [3] , 19S and 20S subunits of the proteasome bind promoters, ORFs, and termination regions [3] - [6] . In C. elegans, RNAPII is found localized in "degradation centers" where blocked transcription initiates proteasome mediated degradation [7] . Thus, components of the proteasome are linked with chromatin in multiple and overlapping contexts. Each of these observations suggests that removal of proteins from chromatin and degradation of at least some of these proteins, is likely to be a common theme in the regulation of gene expression.
Chromatin Organization and Histone Modifications
The basic unit of chromatin is the nucleosome which consists of 147 base pairs of DNA wrapped around a histone octamer of two dimers each of canonical histones H2A, H2B, H3, and H4 as well as the linker histone H1 [8] . Nucleosomes are packaged into higher order chromatin structures; modulation of which influences transcriptional outcomes. The N-terminal tails of histones undergo multiple covalent modifications including acetylation, methylation, sumoylation, ADP-ribosylation, and ubiquitination which can positively or negatively affect protein binding to DNA [9] . Different combinations of these histone marks dictate whether the chromatin is relaxed, allowing access by transcription factors, or closed, preventing transcription (Reviewed in [10] ). In addition to the impact of histone modifications on chromatin structure, nucleosome positioning poses an inherent block to elongating RNA Polymerase II (RNAPII) [11] . Nucleosomes are arranged in regularly spaced intervals, with the length of intervening linker regions between nucleosomes varying between species and cell types [12] . In general, nucleosomes are depleted at many enhancers and promoters and occupy preferred positions within genes [13] . Nucleosome occupancy differs in that it is a reflection of the depletion of nucleosomes from functional regions of genes and is critical to transcriptional outcomes. Access of RNAPII and other Figure 1 . Proposed Mechanism. The histone chaperone HUCA tethers the 26S proteasome to elongating RNA Polymerase II to facilitate rapid degradation in the case of irreversible stalling of the RNA Pol II elongation complex. By keeping the cellular degradation machinery in close proximity, stalled RNA Pol II can be quickly degraded, thus avoiding continual repeat transcription and the accumulation of abnormal proteins within the cell.
DNA-binding proteins to DNA is inhibited by nucleosomes and RNAPII is unable to mediate nucleosome eviction on its own [14] [15] . To assist RNAPII passage, chromatin remodelers and histone chaperones aid in removal of the nucleosome blockade. Chromatin remodelers unwind DNA from nucleosomes in an ATP-dependent manner [16] whereas histone chaperones are enzymes that facilitate exchange of histone variants during transcription in a histone-dependent, ATP-independent manner [17] . In addition to histone modifications and chromatin remodeling, replacement of canonical core histones with specialized variants assists in regulation of the open or closed states of chromatin [18] [19] .
Histone Chaperones: Multi-Faceted Roles
Because nucleosome assembly and disassembly regulate chromatin dynamics, histone exchange is coordinated by multiple histone chaperones and their many functional partners. Histone chaperones form multi-subunit complexes and perform a multitude of functions depending on binding partners [20] . While their main role is to facilitate nucleosome disassembly and reassembly, their secondary roles lie in a variety of processes such as transcriptional regulation, cellular senescence, histone variant deposition, cell cycle regulation, DNA replication and repair, mRNA processing, and gene silencing [17] [21] . The dynamic role of chromatin itself highlights the need for histone chaperones to serve versatile roles in modulating the many complexes that regulate chromatin dynamics and subsequent pathways. One such example of a multi-faceted histone chaperone is the HUCA complex. HUCA is known to be critical in chromatin reorganization; we now further postulate HUCA to be of equal importance in regulating RNAPII processivity and arrest.
HUCA Complex: An Important but Not Fully Understood Histone Chaperone Complex
Histone chaperones work in concert with one another and other proteins to perform a multitude of cellular functions [20] . One such histone chaperone complex is HUCA, which consists of the histone chaperone Histone Regulatory A (HIRA), Ubinuclein 1 (UBN1), Calcineurin binding 1 (CABIN1), and the histone chaperone Anti-silencing factor 1a (ASF1a) [22] - [24] . Human HIRA is an evolutionarily conserved fusion of Hir1 and Hir2 which form a nucleosome remodeling complex in lower eukaryotes [25] . The N-terminal Hir1-like domain consists of seven WD40 repeats [26] . Immediately following the di-peptide WD repeats is a 37 amino acid domain known as the B-domain [22] . The C-terminal Hir2-like domain consists of a leucine zipper (LXXLL motif) [27] . It is via these functional domains that HIRA acts as a scaffold around which other complex subunits form [22] [28]. UBN1 is an ortholog of the yeast protein Histone promoter control 2 (Hpc2) and contains an evolutionarily conserved Hpc2-related domain (HRD) [28] . The N-terminal region of UBN1 binds the WD40 repeats of HIRA as well as histone tails [23] . CABIN1 is a functional ortholog of Hir3p but the only structural similarity is 30 tetratricopeptide repeats (TPR) at the N-terminus [18] . The TPR domain of CABIN1 interacts with the C-terminus of HIRA [24] . ASF1a has an evolutionarily conserved immunoglobulin fold at its N-terminus and a divergent, species specific, C-terminus [29] . ASF1a binds HIRA via interaction of its N-terminal sequence with the B domain of HIRA [22] . For a schematic of the HUCA complex and its components, see Figure 2 . HIRA binds the promoters of histone genes and prevents their transcription outside of S-phase [30] [31]. The mechanism of histone promoter silencing is through blockade of the SWI/SNF complex which is required for transcription of histone genes during S-phase [32] . This was initially shown for histones H2A and H2B but is not the case for histone H3.3 which is transcribed throughout the entire cell cycle [33] . HIRA simultaneously binds DNA and RNAPII while depositing histone H3.3 during transcription [34] . The ability of HIRA to bind DNA non-specifically has been implicated in prevention of cryptic transcription in Schizosaccharomyces pombe [35] . Heterogenous HIRA expression leads to DiGeorge Syndrome in humans and has been implicated in developmental impediments in Drosophila melanogaster, Gallus gallusdomesticus, and Mus musculus [36] - [38] . Complete knockout of HIRA is lethal as early as embryonic development day 10 [38] . In addition to its role in the histone chaperone HUCA complex, ubinuclein 1 has been posited to be a histone chaperone in its own right [39] . UBN1 has also been shown to act as a scaffold protein and to play a role in cellcell adhesion in canine kidney cells [40] [41] . CABIN1 has recently been classified as a member of the HUCA complex and implicates regulation of this histone chaperone complex by intracellular calcium [24] [42] . ASF1a, which is also a histone chaperone, binds H3.1, H3.2, and H3.3 and plays roles in nucleosome eviction in both DNA-replication and transcription [22] [43] . In addition to its role in nucleosome eviction, ASF1 has been shown to play roles in regulating acetylation in both histones H3 and H4 in Saccharomyces cerivisiae [20] . Despite the elucidation of various roles of HUCA components, specific regulatory roles of the complex as a whole are not understood.
Transcriptional Elongation by RNA Polymerase II (RNAPII)
RNAPII transcribes mRNA from a DNA template in all protein-encoding genes. Transcription relies on a coordinated network of histone modifying enzymes and histone chaperones to allow elongating RNAPII to traverse the chromatin landscape. In particular, HUCA deposits the histone variant H3.3 in front of elongating RNPII to facilitate transcription through nucleosome complexes [34] . Transcription proceeds in three distinct stages: initiation, elongation, and termination [44] . The pre-initiation complex (PIC) which forms at the gene promoter, contains RBP1 and the general transcription factors (GTFs) TFIIB, TFIID, TFIIE, and TFIIH [45] . Other factors are also present including DRB Sensitivity Inducing Factor (DSIF) and Negative Elongation Factor (NELF) which positively [46] and negatively [47] regulate RNAPII, respectively. The C-terminal domain (CTD) of RBP1 consists of 52 repeats of the heptapeptide Y-S 2 -P-S 5 -T-P-S [48] . Phosphorylation status of the serine residues within the CTD correlates with transcriptional activity. Serine 5 phosphorylation (Ser5ph) by the cyclin dependent kinase 7 (cdk7) subunit of TFIIH leads to transcriptional initiation by recruitment of factors that faci-litate escape from the promoter [49] . Initial transcription can be non-productive until the formation of an 8 to 9 bp hybrid of the DNA template and the nascent mRNA [50] . Serine 2 is phosphorylated (ser2ph) by the cdk9 subunit of Positive Transcription Elongation Factor b (P-TEFb) which stimulates productive elongation [51] , in part by triggering the release of NELF [52] .
The Three States of RNAPII: Paused, Stalled, and Arrested
Regulation of chromatin states by histone remodelers and histone chaperones is only one level at which transcription elongation can be controlled. In addition to blocking RNAPII access to DNA, RNAPII processivity regulates transcription. Early studies of heat shock proteins showed that RNAPII is present at the promoter prior to induction [53] . Subsequent studies have shown that RNAPII is paused at the promoters of other stimulus-responsive genes [54] . Pausing is mediated by DRB-Sensitivity Inducing Factor (DSIF) and Negative Elongation Factor (NELF). NELF preferentially binds hypophosphorylated RNAPII and is required for promoter-proximal pausing [55] . The two major causes of RNAPII stalling are lesions in the DNA template and nucleotide misincorporation. Lesions in the template cause RNAPII to stall until transcription-coupled DNA repair can occur [56] . The stalled RNAPII remains bound to the DNA template and once the lesion has been excised and repaired, elongation can resume [57] [58] . Nucleotide misincorporation stalls RNAPII by causing it to backtrack one base pair [59] [60] . TFIIS stimulates RNAPII to hydrolytically cleave the misincorporated nucleotide [61] . After cleavage, the newly formed 3' end is prepared for the addition of the appropriate nucleotide, a process which occurs rapidly and has been termed "kinetic proofreading" [62] . Pausing and stalling of RNAPII are mediated by both histone chaperones and the 26S proteasome. In the event that stalled RNAPII cannot resume elongation, RNAPII becomes irreversibly arrested and is poly-ubiquitinated and tagged for degradation by the 26S proteasome [63] [64].
Ubiquitination of RNAPII and Degradation by the 26S Proteasome
Arrested RNAPII is tagged for degradation by the addition of four ubiquitin moieties linked by lysine 48 (K48-linkage) [65] . Poly-ubiquitination is the concerted effort of three types of enzymes: ubiquitin-activating (E1), ubiquitin-conjugating (E2), and ubiquitin-ligase (E3) [65] . RNAPII poly-ubiquitination is unique in that it occurs in a sequential manner involving two different E3 ligases. Neural precursor cell Expressed Developmentally Downregulated 4 (NEDD4) mono-ubiquitinates RNAPII [66] and then Elongin/Cullin converts this monoubiquitination to poly-ubquitination [67] [68] . Ubiquitination of RNAPII occurs on its largest subunit Rpb1 and only occurs when the polymerase is irreversibly arrested (reviewed in [69] ).
The 26S Proteasome: Degrader of Proteins
The 26S proteasome is the major non-lysosomal player in degradation of damaged or unnecessary proteins within the cell including RNAPII [65] . The 26S proteasome also plays roles in transcription initiation by controlling the location and quantity of available transcription factors [70] . The 26S proteasome is composed of three distinct sub-complexes: the 19S regulatory particle (RP) lid, the 19S RP base, and the 20S catalytic particle (CP) [71] . The 19S RP lid is composed of 9 unique subunits: Regulatory Particle Non-ATPase 3 (Rpn3), Rpn5-9, Rpn11-12 and Rpn15 [71] . The 19S base consists of a hexameric ring of AAA ATPases (RPT1-6) and three non-ATPase subunits and is connected to the 19S RP lid by the linker protein Rpn10 [71] [72] . The 20S catalytic particle (CP) is a barrel-shaped complex composed of four heptameric rings composed of either α or β subunits stacked in an αββα conformation [71] .
Interactions between HUCA, the 26S Proteasome, and RNAPII
Several interactions between HUCA, the 26S proteasome, and RNAPII have been characterized. Liquid chromatography tandem mass spectrometry revealed that all six ATPase subunits of the 19S RP base co-purify with HIRA in S. pombe [73] . The interaction between the 19S ATPases and HIRA is thought to counteract the repressive functions of HIRA on histone genes, but this role has yet to be further studied [73] . We have further verified interactions between the 19S ATPases and HIRA in co-immunoprecipitation assays in mammalian cells (Osborn and Greer, unplublished). ChIP-seq density profiles followed by co-immunoprecipitation show that multiple subunits of the HUCA complex bind to both the initiating and elongating forms of RNAPII [74] . The importance of the interaction between HUCA and RNAPII is underscored by the fact that in yeast cells depleted of HIRA, RNAPII recruitment is impaired [75] . HIRA binds to both subunits of DSIF [76] which travels throughout the coding region along with RNAPII [77] . Additionally, HIRA interacts directly with the elongation factors SPT6 and SPT16 [76] [78] . Finally, the ASF1a subunit of HUCA interacts directly with the bromodomain of CCG1, the largest subunit of TFIID [79] .
Recent studies from our lab and others are the first to directly associate elongating RNAPII with the degradation machinery through observations of the involvement of the HUCA chaperone complex. We propose that the HUCA complex tethers the 26S Proteasome to elongating RNAPII to enable rapid recognition and degradation of RNAPII by the proteasome. In addition to non-proteolytic roles in transcription (reviewed in [80] ), tethering of the 26S proteasome to elongating RNAPII would facilitate its rapid degradation upon arrest. Recent observations of a novel Ubiquitin-independent proteasome pathway suggest that elongating RNAPII stalls at Topoisomerase IIβ-DNA cleavage complexes where blocked RNAPII serves as a damage signal and associated 19S ATPases are activated as an early event during the encounter for detecting the Topoisomerase IIβ roadblocks [81] [82]. The 19S ATPases have also been proposed to unfold non-covalent protein-DNA nucleosome complexes during elongation; we suggest the ATPases and HUCA serve these and much earlier roles in allowing consistent tethering of RNAPII to the degradation machinery.
Concluding Remarks
While the molecular basis for interactions among stalled elongation, proteasomal degradation, and HUCA remains to be elucidated, understanding roles for 19S ATPases in mediating degradation of RNAPII will contribute therapeutically to multiple disease scenarios. In Cockayne syndrome, irreversibly arrested RNAPII leads to transcription anomalies resulting in phenotypes ranging from subtle to severe [83] . Additionally CAG repeat diseases such as Huntington disease and Spinocerebellar Ataxias are caused, in part, by repeated transcription by arrested RNAPII [84] . While diseases such as Cockayne Syndrome and CAG repeat disorders have transcriptional arrest as an underlying cause, the molecular mechanisms of decreased transcript fidelity leading to disease manifestation have not been further investigated. In addition, several cancer therapeutics including etoposide/ VP-16 and doxorubicin stabilize topoisomerase IIβ-DNA cleavage complexes and trigger degradation of topoisomerase IIβ, the large subunit of RNAPII, and exposure of DNA damage [85] [86] . These drugs and the DNA damage they cause are associated with severe side effects; better understanding of the mechanisms by which these drugs initiate degradation will contribute to their enhanced clinical application.
